We analyze the effects of the coordinate dependence of the transition dipole (non-Condon dipole moment) on impulsive pump-probe spectroscopy at finite temperatures, using expressions for the response functions derived by the path-integral approach. We calculate the difference probe absorption spectrum and show that the non-Condon dipole shifts the absorption to the blue and that the shift increases with temperature.
The two states are connected by the optical-dipole interaction
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where E(t) is the laser field and g(q) is the dipole matrix element between the two states that depends on the nuclear coordinate. We assume that the transition dipole has the form (q) = LO exp(cq), (4) where c is the coupling constant. Typically in molecular systems c is small (cqL << 1, where qL is the size of the nuclear wave packet), so that pA(q) -/o(l + cq).
The optical polarization for a third-order optical process is obtained by expanding the density matrix elements in HI and is expressd as P (3(t) = if dt 3 f dt 2 f dtE(t -t 3 
)E(t -t-t 3 )
X E(t -tl-t2-t3)tr[Vexp(-i t3HX)VX X exp(-4 t2Hx)Vxexp(-ti tlHx)Vxpg]. (5) Here, p is the ground equilibrium state of the total system, and we use the superoperator notation defined by ( 
1) AXB AB -BA, AXBxC A(BC -CB) -(BC-
)A, and so forth, where A, B, and C are ordinary operators. Since each VX can act either from the left or from the right, and since P(3)(t) contains VX factors, Eq. (5) naturally separates into 2 terms denoted by Liouvillespace paths. 2 In practice we need to evaluate only half of these terms, since they always come in Hermitian conjugate pairs, and, for the third-order polarization, we need (2) four Liouville-space paths, denoted by a = 1 -4 (see Fig. 1 ). All dynamical characteristics of the system can be expressed in terms of the phase function defined by
where (qq(t)) and (q(t)q) are the position correlation functions and
To express the results in a compact form, we assign three sign parameters, el, 62, and 63 (see Table 1 ) to each of the Liouville-space paths. With this notation the optical polarization for a third-order optical process is given by" 6 1-(tl
(12)
Equation (10) is identical to the phase of the response function with the Condon approximation, which may be derived by use of the cumulant expansion'; however, the present notation is more convenient for numerical studies. The probe absorption spectrum, obtained by dispersion of the transmitted probe through a monochromator, is given by'
where
and fl2 is the central frequency of the probe. impulsive pump and probe fields, i.e.,
We assume Here See represents the contribution from the Liouville paths a = 1 and a = 2, which pass through the excited state (ee) during the t 2 time interval, whereas Sgg represents the contributions of the other paths a = 3 and a = 4, which pass through the ground state (pgg) during that interval:
and we set gool = /u0 0 2 = 1. By formulating pump-probe spectroscopy in Liouville space, it becomes possible for us to separate the process into three steps: First the pump beam creates a wave packet during the t period (the doorway state). There are actually two wave packets in the excited-state (hereafter denoted the particle) paths 1 and 2, and the other is the ground state (the hole) coming from paths 3 and 4. These two wave packets then propagate during the delay time between the pump and the probe. This evolution is the most significant information obtained from pump and probe spectroscopy. Finally, the system interacts with the probe, and the signal is generated. We denote the wave packet of the particle and the hole by We and Wg, respectively. These wave packets are given by
at all temperatures. The Langevin equation used previously is valid at high temperatures. Yan and Mukamel showed how the expression for the response function can be obtained from the Langevin equation by including the fluctuation dissipation theorem. However, the expression of the wave packets was given only in the high-temperature limit, since the semiclassical-Langevin-equation approach cannot keep track of the quantum coherence between the system and the noise source (the heat bath). This coherence is less important at high temperatures because of the fast dephasing but becomes dominant at low temperatures.
(ii) We allow for an arbitrary dependence of the transition dipole moment on nuclear coordinates and thus relax the Condon approximation.
Using Eqs. (18)- (20) with Eqs. (9)- (13) and Eq. (21), we performed numerical calculations for the probe absorption spectrum and the wave packets for different temperatures T = 100 K and T = 300 K. Below we present the separate contributions from the particle and the hole in configuration space:
The calculations performed for the Condon case (c = 0) and the non-Condon case (c = 0. 
This expression interpolates between several important limits: 
We first show the time evolution of the wave packets of the particle (Fig. 2 ) and the hole (Fig. 3) for an underdamped mode, y = 40 cm-' at T = 100 K and T = 300 K. The frequency and the dimensionless displacement are given by c 0 = 600 cm-' and d-DVMcol = 1.0. As is seen from Fig. 2 tion to the equilibrium state (the bottom of the excitedstate potential) with a coherent oscillation, both for the Condon and the non-Condon cases. This is seen from Eq. (29). However, the hole in Fig. 3 , which in the Condon case does not change its position and shape, slightly oscillates in the non-Condon case. Under the Condon approximation, the impulsive pump pulse creates a particle in the excited state without changing the Gaussian shape of the wave packet in the ground state. Then the shape of the hole wave packet is also Gaussian and cannot move in the harmonic potential. However, in the non-Condon case the coordinate-dependent dipole operator affects the shape of the ground equilibrium state.
Figures 4 and 5 show the time evolution of the wave packets of the particle (Fig. 4 ) and the hole (Fig. 5) for an overdamped mode y = 2000 cm-', co 0 = 600 cm-', and d = 1 at T = 100 K and T = 300 K. As is seen from Fig. 4 , the motion of the particle is critically damped in both the Condon and the non-Condon cases [see Eqs. (30) and (31)]. The hole motion is also strongly suppressed by the heat bath and, even with non-Condon interaction, the hole cannot move and shows behavior similar to the Condon case. The peak positions of the particle and the hole, however, shift to the positive side for the non-Condon case, because of the Condon dipole interaction Eq. (4). As is seen from the figures, this shift becomes large at T = 300 K. The reason for the large shifts at high temperatures in the case of the non-Condon interaction is as follows: before the pump excitation, the system is in the ground equilibrium state and is localized if the temperature is low; however, it broadens if the temperature is high. As is seen from Eq. (4), the dipole element gi(q) is a linear function of q for small c. Since the population of particles at large q will increase at the higher temperatures, the non-Condon effect becomes larger. We next calculated the absorption spectrum of a twomode system that is described by the two nuclear coordinates q and q 2 . For the two modes we took the underdamped mode discussed in Figs. 2 and 3 In each case we display the contributions of the hole, the particle, and their sum separately. The motion of the wave packets displayed in Figs. 2-5 is clearly reflected in the spectrum, and we can observe the motion of the hole and a temperature-dependent blue shift, which are both caused by the non-Condon interaction (see also Fig. 8 ).
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